A series of blends containing phenylethynyl-terminated arylene ether (PETAE) oligomers and phenylethynyl-containing reactive diluents were prepared and characterized. Most of the blends prepared met the objective of this work which was to further modify the PETAE oligomers in order to improve solvent resistance, increase modulus and adhesive strength, and reduce melt viscosity. The cured blends generally have higher glass transition temperatures and improved mechanical properties compared with the analogous thermoplastic polymers.
Introduction
As part of an ongoing effort to develop structural resins for aerospace applications, work has continued on phenylethynyl-terminated arylene ether (PETAE) oligomers. The blends discussed herein represent an extension of previous work [1] [2] [3] on PETAE oligomers which contain a bulky fluorene group. A model compound study [1] indicated that these oligomers should display excellent melt stability and cure in 1 h at 350 • C. The product of cured phenylethynyl groups is not well understood, although it is believed that a combination of chain extension, branching and crosslinking is occurring. Oligomers and polymers containing acetylenic groups [5] [6] [7] [8] have excellent shelf lives, relatively low melt viscosities, and they thermally cure without the evolution of volatiles. The cured resins generally have improved solvent resistance and mechanical properties compared with the analogous thermoplastic polymers.
The objective of this work has been to further modify the PETAE oligomers in order to improve solvent resistance, increase modulus and adhesive strength, and reduce melt viscosity. The approach is to blend phenylethynyl-containing diluents with PETAE oligomers. Preliminary work in this area has been reported previously [9] . The diluents should reduce the melt viscosity, thereby improving processing, and increase the crosslink density after cure. Since glass transition temperature, modulus and solvent resistance generally increase with increased crosslink density, all of these properties are expected to improve.
Experimental details
2.1. Starting materials 4,4 -Biphenol (BP, m.p. 278 • C, dec.), 9,9 - bis(4-hydroxyphenyl)fluorene (BPF, m.p. 215-217 • C), 4,4 -difluorobenzophenone (DFB, m.p. 106.5-108 • C) and 1,3,5-trihydroxybenzene (THB, m.p. 224 • C) were obtained commercially and recrystallized prior to use. The 4fluoro-4 -phenylethynylbenzophenone (FPB) was prepared as previously reported [1] by Daychem Laboratories, Inc. and used as-received. 4-Phenylethynylphenol (PEP) was prepared in a similar manner to the 3-phenylethynylphenol previously reported [10] .
Synthetic routes

Diluent synthesis.
A: In a three-necked round-bottomed flask equipped with an overhead stirring assembly, nitrogen inlet, Dean-Stark trap and reflux condenser were placed equimolar amounts of PEP and FPB, a 10% stoichiometric excess of pulverized K 2 CO 3 , N ,N -dimethylacetamide (DMAc), and toluene to form a reactant mixture comprising 25 wt% solids. The reaction scheme is shown in figure 1 . The solution was heated to reflux and the toluene and water were removed by azeotropic distillation. The reaction was held at 155-160 • C for at least 16 h, then cooled to room temperature and poured into acidic (5% acetic acid) water. The precipitate was collected by filtration and washed with methanol. Recrystallization from toluene gave a pale yellow powder (52% yield), m.p. 238-241 • C (vis 
Oligomer synthesis.
Phenylethynyl-terminated arylene ether (PETAE) oligomers were prepared at 6000 g mol −1 as previously reported [2] using BPF, BP, DFB and FPB. The modified Carothers equation was used to determine the offset of the monomers and the amount of FPB used to endcap the oligomers. DFB with 100, 90 or 80 mol% BPF and 0, 10 or 20 mol% BP, respectively, were used to form the oligomer backbone. The reaction scheme is shown in figure 2 . Oligomers will be referenced by the ratio of BPF to BP, that is, 100/0, 90/10 and 80/20.
Characterization
Elemental analysis was performed on the diluents by Galbraith Laboratories, Inc., Knoxville, TN or Oneida Research Services, Inc., Whitesboro, NY. Visual melting points were determined on a Thomas-Hoover melting point apparatus. Differential scanning calorimetry (DSC) melting points were performed on a Shimadzu DSC-50 calorimeter at a heating rate of 10 • C min −1 . The melting point was taken at the peak of the melting endotherm. Gel permeation chromatography (GPC) was performed on the oligomers at 35 • C with a Waters 150C GPC using a four-column bank consisting of 10 3 , 10 4 , 10 5 and 10 6 Styragel TM HT columns. The chromatograph was equipped with a differential refractive index detector connected in parallel to a Viscotek model 150R differential viscosity detector.
Blends
Mixtures containing 10 and 20 wt% of each diluent with each oligomer were blended as dry powders for at least 4 h using a ball mill, which produced a visually uniform mixture. The melt viscosity of oligomers and blends was determined on a Rheometrics System 4 rheometer at 10 rad s −1 . Samples were heated from 100 • C to 371 • C at 4 • C min −1 and held at 371 • C for at least 20 min. The gel point was taken at the first point above the glass transition temperature (T g ) where the storage modulus, G , exceeded the loss modulus, G . The minimum viscosity in poise was taken as the minimum value of G divided by the frequency, 10 rad s −1 .
Films
Solutions of oligomers and oligomer/diluent blends at 20 wt% solids in m-cresol were cast at 18 mils (0.018 in) thickness with a doctor's blade onto plate glass. The films were dried for 2 days at room temperature in a dry box, then cured at 350 • C for at least 1 h in a forced air oven. Films were removed from the glass plate by lifting a corner with a razor blade, then soaking in water to complete removal. The T g s of the cured films were determined on a Shimadzu DSC-50 calorimeter at a heating rate of 20 • C min −1 , where the T g was taken at the inflection point of the heat flow versus temperature curve. The solvent resistance of cured films was tested in toluene, methyl ethyl ketone (MEK), JP-5 jet fuel and Shevron HyJet IV-A hydraulic fluid by soaking a rectangle of the cured film in one of the solvents for 48 h and measuring the increase in area after soaking. The thin film tensile properties were determined on four specimens at room temperature and 177 • C on a Sintech model 2W screwdriven test machine according to ASTM D882.
Adhesive specimens
Warm NMP mixtures of the oligomers or blends (15 wt% solids) were used to coat 112 Eglass (A-1100 finish). Each coat was dried in a circulating air oven at 200 • C for 1 h. After several coats were applied, it was dried at 225 • C for 1 h to produce a low-volatile-content 10 to 14 mil thick tape. Due to the low solubility of the blends, coating the scrim cloth was difficult, which resulted in variations in the thickness and poor quality. Also, because of the low molecular weight, the adhesive had a tendency to flake off the glass cloth before cure.
Titanium (Ti-6Al-4V) coupons, pretreated with Pasa-Jell 107 TM surface treatment, were bonded by heating to 371 • C, holding for a short period of time depending on the adhesive, applying 15 psi (10 5 Pa) and holding under pressure to give a total hold of 1 h at 371 • C. All testing was done on three or four specimens for each condition according to ASTM D1002.
Results and discussion
The phenylethynyl-containing reactive diluents were synthesized in a single-step aromatic nucleophilic substitution reaction. The oligomers were synthesized at 6000 g mol −1 according to the modified Carothers equation and end-capped with FPB. Blends of the diluents and polymers were prepared at both 10 and 20 wt% of the diluent. Five diluents and three oligomer backbones were used, providing a total of thirty blends. These, along with the three non-blended oligomers, were studied. The nomenclature used for the blends will consist of the weight per cent diluents, the specific diluents used, and the backbone of the oligomer used. For example, 20A-80/20 refers to the blend of 20 wt% of diluent A with the oligomer which contains 80 mol% BPF and 20 mol% BP. The non-blended oligomers will either be referred to as 100/0, 90/10 and 80/20 or as controls, that is, 80/20 is the control of any film made from a blend of a diluent and the 80/20 oligomer.
Gel permeation chromatography was performed on the two non-blended oligomers that were soluble in chloroform, which were 90/10 and 100/0, with the 80/20 only partially soluble. The number-average molecular weights, M n s, were 4900 and 5100 g mol −1 for 90/10 and 100/0 respectively. Both values are lower than the 6000 g mol −1 theoretical M n , but the cause of this discrepancy is unknown.
Resistance of films to toluene, MEK, jet fuel and hydraulic fluid was tested and is summarized in table 1. The overall solvent resistance was best for the films containing 80/20 and worst for those containing 100/0. Most films were resistant to jet fuel and hydraulic fluid, and the films made from blends which contained 80/20 and either diluent A, B, C or E were resistant to toluene. All films swelled in MEK, but the same films that were resistant to toluene showed an improvement in MEK resistance compared with the controls.
Due to the expected increase in crosslink density, the T g s of the films made from blends were expected to increase over the controls. In most cases, though, the opposite effect was seen. Of the 30 blends studied, only six displayed an increase in T g , as reported in table 2. The most significant increases were seen in the films made from blends of diluents A and B with the 80/20 copolymer. The highest T g s observed were 253 and 254 • C in 10A-80/20 and 20A-80/20 respectively. These two films also displayed better solvent resistance than most of the other films.
The films made from neat and blended 80/20 and 90/10 oligomer backbones were tested 10A-80/20 and 20A-80/20 as well as in 10E-80/20 and 10E-90/10. Improvements in both strength and modulus of the films containing diluent E at elevated temperature indicate that an increase in T g is not always necessary for improved high-temperature properties. Since the blends have limited solubility and it was difficult to obtain high-quality films, moulded specimens would be a better choice for evaluation of mechanical properties. The minimum melt viscosities and gel times of the non-blended 80/20 oligomer and blends containing the 80/20 backbone with diluent A, C or E were tested and are reported in table 4. Blends containing diluent D had poor solvent resistance and low T g s, and blends containing B were not expected to have low melt viscosities due to the low solubility and high melting point of the diluent, so they were excluded from the remainder of the study. The temperatures used in the rheology study simulated actual processing conditions, with a ramp from 100 to 371 • C and a hold at 371 • C until after the gel point. As expected, addition of a diluent reduced the melt viscosity in most cases. The lowest melt viscosity, 70 poise, was seen in 20A-80/20. This is an order of magnitude drop from the non-blended 80/20 copolymer and a significant drop compared with the 10A-80/20. The 10E-80/20 blend, however, had a much higher melt viscosity than the non-blended 80/20. Diluent E is the only trifunctional diluent used. In addition to having a higher melt viscosity, the 10E-80/20 blend reached its gel point much more quickly than the other blends. The trifunctional nature of the diluent may have produced significant crosslinking at the beginning of the reaction. Earlier adhesive work produced very thin bondlines, so adhesive specimens were held at 371 • C before pressure was applied. The 20A-80/20, 10A-80/20 and non-blended 80/20 were held at 15, 12 and 5 min respectively, the amount of time that was required to reach 1000 poise according to the rheology data. Using these processing conditions, bondline thicknesses increased, but were still thin, ranging from 3.5 to 4.2 mils. Ti/Ti adhesive strength was tested at room temperature and 177 • C; also, samples were soaked in either toluene, MEK, jet fuel or hydraulic fluid for 48 h and then tested at room temperature. Results are summarized in table 5. In general, adhesive strengths under most conditions were highest for the 20A-80/20 and lowest for the non-blended 80/20. In most cases, the 1 Per cent of 23 • C non-exposed values.
20A-80/20 strengths were higher than those of the 10A-80/20, but they usually fell within the 90% confidence intervals so the differences may not be significant. The strengths of the samples tested at elevated temperatures were surprisingly high, with increases of between 25 and 50% over the room-temperature results. The retention of strength after a solvent soak was calculated using the room-temperature adhesive strength and the strength of the corresponding adhesive after soak. In most solvents, the retention was highest for the 20A-80/20 and lowest for the non-blended 80/20, as expected. The retentions of strengths of 10A-80/20 and 20A-80/20 after soaking in hydraulic fluid were high, as were those after soaking in jet fuel. Although the non-blended 80/20 film did not swell in jet fuel or hydraulic fluid as discussed earlier, the 80/20 adhesive specimens lost much more strength than the blended adhesives. Retention of strengths were the lowest following toluene and MEK soaks. These values were similar, contrary to the previously discussed solvent resistance study in which films soaked in MEK swelled considerably more than those soaked in toluene. 
